Donato AJ, Gano LB, Eskurza I, Silver AE, Gates PE, Jablonski K, Seals DR. Vascular endothelial dysfunction with aging: endothelin-1 and endothelial nitric oxide synthase. Am J Physiol Heart Circ Physiol 297: H425-H432, 2009. First published May 29, 2009 doi:10.1152/ajpheart.00689.2008.-To determine whether impaired endothelium-dependent dilation (EDD) in older adults is associated with changes in the expression of major vasoconstrictor or vasodilator proteins in the vascular endothelium, endothelial cells (EC) were obtained from the brachial artery and peripheral veins of 56 healthy men, aged 18 -78 yr. Brachial artery EC endothelin-1 (ET-1) [0.99 Ϯ 0.10 vs. 0.57 Ϯ 0.10 ET-1/human umbilical vein EC (HUVEC) intensity, P ϭ 0.01] and serine 1177 phosphorylated endothelial nitric oxide synthase (PeNOS) (0.77 Ϯ 0.09 vs. 0.44 Ϯ 0.07 PeNOS/ HUVEC intensity, P Ͻ 0.05) (quantitative immunofluorescence) were greater, and EDD (peak forearm blood flow to intrabrachial acetylcholine) was lower (10.2 Ϯ 0.9 vs. 14.7 Ϯ 1.7 ml ⅐ 100 ml Ϫ1 ⅐ min Ϫ1 , P Ͻ 0.05) in older (n ϭ 18, 62 Ϯ 1 yr) vs. young (n ϭ 15, 21 Ϯ 1 yr) healthy men. EDD was inversely related to expression of ET-1 (r ϭ Ϫ0.39, P Ͻ 0.05). Brachial artery EC eNOS expression did not differ significantly with age, but tended to be greater in the older men (young: 0.23 Ϯ 0.03 vs. older: 0.33 Ϯ 0.07 eNOS/HUVEC intensity, P ϭ 0.08). In the sample with venous EC collections, EDD (brachial artery flow-mediated dilation) was lower (3.50 Ϯ 0.44 vs. 7.68 Ϯ 0.43%, P Ͻ 0.001), EC ET-1 and PeNOS were greater (P Ͻ 0.05), and EC eNOS was not different in older (n ϭ 23, 62 Ϯ 1 yr) vs. young (n ϭ 27, 22 Ϯ 1 yr) men. EDD was inversely related to venous EC ET-1 (r ϭ Ϫ0.37, P Ͻ 0.05). ET-1 receptor A inhibition with BQ-123 restored 60% of the age-related impairment in carotid artery dilation to acetylcholine in B6D2F1 mice (5-7 mo, n ϭ 8; 30 mo, n ϭ 11; P Ͻ 0.05). ET-1 expression is increased in vascular EC of healthy older men and is related to reduced EDD, whereas ET-1 receptor A signaling tonically suppresses EDD in old mice. Neither eNOS nor PeNOS is reduced with aging. Changes in ET-1 expression and bioactivity, but not eNOS, contribute to vascular endothelial dysfunction with aging. endothelium-dependent dilation; brachial artery flow-mediated dilation VASCULAR ENDOTHELIAL FUNCTION is impaired in healthy sedentary middle-aged and older adult humans, as indicated by reduced endothelium-dependent dilation (4, 36). However, our understanding of the molecular events associated with agerelated reductions in endothelium-dependent dilation in humans is limited. Changes in the expression of key proteins implicated in endothelium-mediated vasoconstriction and vasodilation could be involved, but no information is available.
endothelium-dependent dilation; brachial artery flow-mediated dilation VASCULAR ENDOTHELIAL FUNCTION is impaired in healthy sedentary middle-aged and older adult humans, as indicated by reduced endothelium-dependent dilation (4, 36) . However, our understanding of the molecular events associated with agerelated reductions in endothelium-dependent dilation in humans is limited. Changes in the expression of key proteins implicated in endothelium-mediated vasoconstriction and vasodilation could be involved, but no information is available.
Endothelin-1 (ET-1) is the most potent vasoconstrictor protein synthesized in and released by vascular endothelial cells (44) . Recent findings indicate that ET-1 signaling is increased in healthy older sedentary adult humans and contributes to tonic vasoconstriction in peripheral arteries (37, 38, 41) . In culture, ET-1 synthesis is greater in aortic endothelial cells obtained from older compared with young adult donors with various pathologies (39) . However, it is unknown if ET-1 protein expression is increased in the vascular endothelium of healthy older humans and, if so, is related to impaired endothelium-dependent dilation.
Endothelial nitric oxide synthase (eNOS) is the enzyme expressed in endothelial cells that produces nitric oxide (NO), the most important vasodilatory molecule synthesized by the endothelium (20) . Reduced production and/or bioavailability of NO is a primary mechanism mediating impaired endotheliumdependent dilation in healthy older humans (35) . However, it is unknown if the expression of eNOS and/or its activated serine 1177 phosphorylated isoform (PeNOS) is reduced in endothelial cells from older adults, and if such reductions are related to age-associated decreases in endothelium-dependent dilation. Based on results from a study in rodents (40), it is possible that eNOS activity actually is greater in older adults, possibly as a compensatory attempt to increase NO bioavailability (40).
To gain insight into these issues, we measured ET-1, eNOS, and PeNOS protein expression in endothelial cells obtained from the brachial artery or peripheral veins of groups of healthy young and older men. Endothelium-dependent dilation was assessed by measuring either the increase in forearm blood flow (FBF) to an intra-arterial infusion of acetylcholine (brachial artery studies) or brachial artery flow-mediated dilation (FMD) (peripheral vein studies). Because the results of these investigations in humans indicated a potential role for increased ET-1 expression with aging, we then studied the contribution of ET-1 bioactivity using pharmacological inhibition of ET-1 A (ET A ) receptors in young and old B6D2F1 mice. Endothelium-independent dilation, a control for vascular smooth muscle responsiveness to NO, was assessed in all protocols.
METHODS

Experiments in Young and Older Human Subjects
Subjects. Data were obtained on 56 healthy men: 29 young (aged 18 -30 yr) and 27 older (55-78 yr), previously phenotyped for endothelium-dependent dilation. All subjects had resting blood pressure Ͻ 140/90 mmHg, body mass index Ͻ 30 kg/m 2 , and were free of cardiovascular diseases (CVD), diabetes, and other clinical disorders, as assessed by medical history, physical examination, and blood chemistries. Subjects Ͼ40 yr of age were further screened for CVD using electrocardiogram and blood pressure responses to incremental treadmill exercise performed to volitional exhaustion. Subjects were nonsmokers, not taking medications or dietary supplements (including antioxidants), and not regularly exercising. All procedures were approved by the Human Research Committee of the University of Colorado at Boulder and conform with the principles outlined in the Declaration of Helsinki for use of human subjects and tissue. The nature, benefits, and risks of the study were explained to the volunteers, and their written, informed consent was obtained before participation.
Study procedures. All measurements were performed at the University of Colorado at Boulder General Clinical Research Center after an overnight fast and a 24-h abstention from alcohol and physical activity.
Subject characteristics. Body mass, body mass index, resting arterial blood pressure and heart rate, habitual physical activity, fasting blood chemistries, and plasma concentrations of ET-1, oxidized low-density lipoprotein (LDL), and total antioxidant status were measured as previously described (13, 29) .
Endothelium-dependent and -independent dilation. For experiments involving brachial artery catheter placements (young: n ϭ 15, 21 Ϯ 1 yr; older: n ϭ 18, 62 Ϯ 1 yr), endothelium-dependent dilation and endothelium-independent dilation were determined as the peak FBF (measured by venous occlusion plethysmography) responses to an incremental intrabrachial artery infusion of acetylcholine at 1.0, 2.0, 4.0, and 8.0 g ⅐ dl forearm tissue Ϫ1 ⅐ min Ϫ1 , and sodium nitroprusside at 0.5, 1, and 2.0 g ⅐ dl forearm tissue Ϫ1 ⅐ min Ϫ1 , respectively, as described previously (9, 12, 30) . For experiments involving only peripheral venous catheter placements (young: n ϭ 27, 22 Ϯ 1 yr; older: n ϭ 23, 62 Ϯ 1 yr), ultrasonography was used to assess endothelium-dependent dilation via measurement of brachial artery FMD and endothelium-independent dilation via measurement of brachial artery dilation in response to sublingual nitroglycerin, as previously described by our laboratory (13, 16 -18, 21) .
Endothelial cell protein expression. The procedures used for collection of endothelial cells and measurement of protein expression were described originally by Feng et al. (19) and Colombo et al. (7) and more recently by our laboratory (11, 13, 16, 21, 32) . Briefly, J-wires were advanced into a brachial artery and/or an antecubital vein ϳ4 cm beyond the tip of the catheter and withdrawn, and cells were recovered by washing and centrifugation. Collected cells were fixed with 3.7% formaldehyde and plated on slides. After blocking nonspecific binding sites with 5% donkey serum (Jackson Immunoresearch), cells were incubated with monoclonal antibodies for one of the following: ET-1 (Affinity BioReagents), eNOS (Transduction Laboratories) or serine 1177 PeNOS (Calbiochem). Nitrotyrosine (Abcam), a cellular marker of oxidative stress (3), was assessed, and its relation to ET-1, eNOS, and serine 1177 PeNOS was determined in a subset of subjects. Cells were next incubated with CY3-conjugated secondary antibodies (Research Diagnostics).
Slides were systematically scanned to identify endothelial cells (positive staining of von Willebrand factor), and nuclear integrity was confirmed using 4Ј,6Ј-diamidino-2-phenylindole hydrochloride staining. Once endothelial cells with intact nuclei were identified, images were captured and then analyzed using Metamorph Software (Universal Imaging, Downingtown, PA) to quantify the intensity of CY3 staining (i.e., average pixel intensity). Values are reported as ratios of endothelial cell protein expression/human umbilical vein endothelial cell (HUVEC). Reporting ratios minimize the possible confound of differences in intensity of staining among different staining sessions. A single technician analyzed each batch of slides. Technicians were blinded to subject identity during the staining and analysis procedures.
Experiments in Young and Old B6D2F1 Mice
Animals. Eight young (5-7 mo) and 11 older (30 mo) male B6D2F1 mice were obtained from the National Institute on Aging rodent colony. All mice were housed in an animal care facility at the University of Colorado at Boulder on a 12:12-h light-dark cycle and fed standard rodent chow ad libitum. All animal procedures conformed to the Guide to the Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1996) and were approved by the University of Colorado Animal Care and Use Committee.
Endothelium-dependent and -independent dilation. Measurements were made in isolated vessels studied ex vivo using a modification of methods described previously (14, 15, 24) . Mice were euthanized by exsanguination via cardiac puncture while under isoflurane anesthesia. Carotid arteries were excised and placed in myograph chambers (DMT) containing EDTA buffered physiological saline solution, cannulated onto glass micropipettes, and secured with nylon (11-0) suture. Once cannulated, the carotid arteries were warmed to 37°C, pressurized to 50-mmHg intraluminal pressure, and allowed to equilibrate for 1 h. All arteries then were submaximally preconstricted with phenylepherine (2 M), because the arteries do not exhibit spontaneous tone. Increases in luminal diameter in response to increasing concentrations of the endothelium-dependent dilator acetylcholine (1 ϫ 10 Ϫ9 to 1 ϫ 10 Ϫ4 M) and endothelium-independent dilator sodium nitroprusside (1 ϫ 10 Ϫ10 to 1 ϫ 10 Ϫ4 M) were determined. To assess the influence of ET-1 bioactivity, dose responses to acetylcholine were repeated in the presence of the ET A antagonist BQ-123, (10 Ϫ6 M, 60-min incubation), which inhibits ETA-mediated vasoconstriction (15, 22, 26) . Only an ET A receptor antagonist was used because ETA receptors are responsible for most of the vasoconstriction induced by ET-1 within its physiological range (15) .
Data Analysis
Experiments in human subjects. As in our previous studies (13, 16 -18, 21) , because there were no differences between groups in peak shear rate (young: 458 Ϯ 16 s Ϫ1 , older 440 Ϯ 20 s Ϫ1 ), normalizing FMD for the hyperemic stimulus in young (n ϭ 11) and older (n ϭ 12) subjects did not alter the results (still P Ͻ 0.05). Accordingly, FMD is expressed as millimeters and percent change from baseline diameter, consistent with recently published guidelines (10) . Statistical analyses were performed with SPSS (version 16.0). Group differences were determined by T-tests for independent sample comparisons, and FBF responses to incremental doses of acetylcholine and sodium nitroprusside were analyzed by repeated-measures ANOVA. Pearson correlation analysis was used to determine relations of interest. Statistical significance for all analyses was set at P Ͻ 0.05.
Experiments in mice. For animal and vessel characteristics (maximum dilation and IC 50), group differences were determined by oneway ANOVA or T-test where appropriate. For all dose responses, group differences were determined by repeated-measures ANOVA. Data are presented as means Ϯ SE. Significance was set at P Ͻ 0.05.
RESULTS
Experiments in Young and Older Human Subjects
Subject characteristics. Characteristics of the young and older subjects are shown in Table 1 . Body mass, body mass index, resting blood pressure, fasting plasma glucose, total cholesterol, high-density lipoprotein, and low-density lipoprotein cholesterol, and triglyceride concentrations were higher in the older men (all P Ͻ 0.05), but all values were within clinically normal ranges. Habitual physical activity was not different in the groups. Plasma ET-1 and oxidized LDL concentrations were greater in the older men (P Ͻ 0.05), whereas total antioxidant status was not different.
Endothelium-dependent and -independent dilation. In subjects with brachial artery catheters, FBF in response to acetylcholine was lower (P Ͻ 0.01) in the older compared with the young men (Fig. 1A ) (peak FBF: 10.2 Ϯ 0.9 vs. 14.7 Ϯ 1.7 ml ⅐100 ml Ϫ1 ⅐min Ϫ1 ). In contrast, the FBF response to sodium nitroprusside was similar in the groups (Fig. 1B) (peak FBF: 19.4 Ϯ 0.9 vs. 19.4 Ϯ 1.2 ml⅐100 ml Ϫ1 ⅐min Ϫ1 , P ϭ 0.75). In subjects with peripheral vein catheters only, brachial artery FMD was lower (P Ͻ 0.001) in the older (0.15 Ϯ 0.02 mm, 3.50 Ϯ 0.44%) compared with the young (0.30 Ϯ 0.01 mm, 7.68 Ϯ 0.43%) men ( Fig. 2A) . In contrast, brachial artery dilation in response to sublingual nitroglycerin was similar in the groups (older: 0.86 Ϯ 0.07 mm, 19.67 Ϯ 1.77% vs. young: 0.80 Ϯ 0.09 mm, 18.22 Ϯ 2.52%, P Ͼ 0.55) (Fig. 2B) .
ET-1 protein expression. In subjects with brachial artery samples, expression of ET-1 was higher in endothelial cells of older compared with young men (0.99 Ϯ 0.10 vs. 0.57 Ϯ 0.10 ET-1/HUVEC intensity, P ϭ 0.01, Fig. 3A) . In the overall sample, peak FBF to acetylcholine was inversely related to ET-1 expression in endothelial cells (r ϭ Ϫ0.39, P Ͻ 0.05). Similarly, in subjects with peripheral vein samples only, expression of ET-1 was higher in endothelial cells obtained from older compared with young men (0.47 Ϯ 0.05 vs. 0.32 Ϯ 0.04 ET-1/HUVEC intensity, P Ͻ 0.05) (Fig. 4A) , and brachial artery FMD was inversely related to ET-1 expression (r ϭ Ϫ0.37, P Ͻ 0.05). The age group differences in ET-1 expression were not related to age-associated elevations in any risk factor, plasma ET-1, or plasma oxidized LDL. ET-1 expression was positively related to nitrotyrosine abundance in endothelial cells obtained from both brachial artery (r ϭ 0.65, P Ͻ 0.001) and peripheral vein (r ϭ 0.63, P Ͻ 0.005) sampling.
eNOS and PeNOS protein expression. In subjects with brachial artery samples, expression of eNOS in endothelial cells was not significantly different with age, but tended to be greater in the older men (0.33 Ϯ 0.07 vs. 0.23 Ϯ 0.03 eNOS/HUVEC intensity, P ϭ 0.08) (Fig. 3B ). In subjects with peripheral vein samples only, expression of eNOS was not different with age (young: 0.26 Ϯ 0.04 vs. older: 0.21 Ϯ 0.02 eNOS/HUVEC intensity, P ϭ 0.21) (Fig. 4B) .
In contrast to eNOS, expression of PeNOS in endothelial cells was consistently greater in the older compared with the young men, both in groups with brachial artery samples (0.77 Ϯ 0.09 vs. 0.44 Ϯ 0.07 PeNOS/HUVEC intensity, P Ͻ 0.05, Fig. 3C ) and in subjects with peripheral vein samples only (0.82 Ϯ 0.15 vs. 0.40 Ϯ 0.06 PeNOS/HUVEC intensity, P Ͻ 0.05) (Fig. 4C) .
Neither eNOS nor PeNOS was related to endotheliumdependent dilation in either sample. PeNOS was positively related to body mass index in subjects with brachial artery samples (r ϭ 0.40, P Ͻ 0.05) and, as observed previously (32) , in subjects with peripheral vein samples (r ϭ 0.49, P Ͻ 0.05). Neither eNOS nor PeNOS was related to any other ageassociated difference in subject characteristics (Table 1) . eNOS and PeNOS generally were not related to nitrotyrosine, although PeNOS was related to nitrotyrosine in peripheral vein samples (r ϭ 0.58, P Ͻ 0.05).
Experiments in Young and Old B6D2F1 Mice
Animal and artery characteristics. The old mice weighed more than the young mice (35 Ϯ 1 vs. 32 Ϯ 1 g, P Ͻ 0.05), but there was no difference in soleus muscle weights (old: 0.016 Ϯ 0.002 vs. young: 0.014 Ϯ 0.002 g, P Ͼ 0.05). Carotid artery maximal diameter was similar in the two groups (older: 399 Ϯ 10 vs. young: 391 Ϯ 7 m, P Ͼ 0.05), as was the vascular tone after preconstriction (older: 18 Ϯ 1 vs. young: 20 Ϯ 2% tone from maximum diameter, P Ͼ 0.05). Carotid artery endothelium-dependent and -independent dilation. Acetylcholine-mediated dilation was attenuated in carotid arteries of old compared with young control mice (P Ͻ 0.05, Fig. 5A ). Inhibition of the ET-1 ET A receptor with BQ-123 improved acetylcholine-mediated dilation in old mice (P Ͻ 0.05, Fig. 5A ), although it did not restore peak vasodilation to levels observed in young control mice (older: 81 Ϯ 2% vs. older BQ-123: 90 Ϯ 3% vs. young: 96 Ϯ 1% of maximal vasodilation, P Ͻ 0.05, Fig. 5D ). BQ-123 did, however, increase sensitivity to acetylcholine in the older mice (P Ͻ 0.05) to that of young mice (Fig. 5E) . In contrast to old mice, BQ-123 had no effect on responses to acetylcholine in young mice (P Ͼ 0.05, Fig. 5, B and D) . There were no differences in carotid artery dilation in response to sodium nitroprusside in the young and old mice (Fig. 5C, P Ͼ 0.05) .
DISCUSSION
The novel findings of the present studies are as follows. First, expression of ET-1, an endothelium-derived vasoconstrictor protein, is greater in endothelial cells from older compared with young, healthy men. Second, age-associated reductions in endothelium-dependent dilation are inversely related to these increases in endothelial cell ET-1 protein expression. Third, ET A signaling tonically suppresses endothelium-dependent dilation in old, but not in young, mice. Fourth, neither eNOS, the enzyme responsible for production of the potent vasodilator molecule NO, nor PeNOS, the activated isoform of eNOS, is reduced in endothelial cells from older compared with young men. Indeed, PeNOS expression is greater in endothelial cells from older men. Collectively, these results provide experimental evidence that increases in ET-1 expression and bioactivity contribute to vascular endothelial dysfunction with aging, but that reductions in eNOS and eNOS activation are not obviously involved.
ET-1 Protein Expression and Modulation of EndotheliumDependent Dilation with Aging
Our findings on ET-1 extend current knowledge in at least two ways. First, recent findings in humans (37, 38, 41) indicate that increased signaling through ET A contributes to peripheral vasoconstriction in healthy older sedentary humans, consistent with earlier findings in rats (15) . However, the mechanisms involved remain undetermined (37, 41) . The present results provide experimental evidence that bioavailability of ET-1 is greater in endothelial cells of older adults and may contribute to increased ET-1 signaling with aging. This is consistent with previous findings of greater ET-1 synthesis in cultured endothelial cells obtained from older compared with young donors with various pathologies (39) . Second, our findings of a relation between vascular reactivity and ET-1 expression in humans and ET A receptor blockade in mice provide compelling support for the idea that increased ET-1 signaling may contribute to reductions in endothelium-dependent dilation with aging. The most direct evidence was that ET A inhibition with BQ-123 restored 60% of the age-related impairment in carotid artery dilation to acetylcholine in B6D2F1 mice and completely restored sensitivity to acetylcholine. This is consistent with the idea that increased ET A receptor activity tonically suppresses endothelium-dependent dilation with aging.
Recently, it was suggested that increased ET-1-mediated vasoconstriction with aging in humans could be linked to oxidative stress (41) . In agreement with this idea, in the present study, ET-1 expression was positively related to abundance of nitrotyrosine, a cellular marker of oxidative stress (3, 31) , in both arterial and venous endothelial cells obtained from healthy young and older men. However, although our results are consistent with the possibility, the present data do not provide direct evidence that ET-1 suppression of endotheliumdependent dilation with aging is mediated by vascular oxidative stress.
In the present study, plasma ET-1 concentrations were greater in the older men. Previous observations by our laboratory and others indicate that in healthy adults, plasma ET-1 either increases modestly or does not change with aging (2, 25, 27, 28, 38) . Of interest, there was no relation between plasma concentrations and endothelial cell ET-1 in the present investigation. This may be due to the fact that plasma concentrations are the net result of production and release into and clearance from the plasma compartment. In addition, the majority of ET-1 produced by endothelial cells is released abluminally and, because of its negative charge, diffuses toward vascular smooth muscle cells in the media (42) .
eNOS and Activated eNOS with Aging
eNOS protein expression has been reported to be greater (5, 34, 40) , not different (34, 43) , and lower (8, 43) in arteries obtained from older compared with young rodents, whereas eNOS mRNA expression appears to be lower in arteries from older animals (1, 6, 8) . The only previous data in endothelial cells per se reported sevenfold higher eNOS expression in endothelium extracted from aortas of older compared with young rats (40). The present findings are the first data on endothelial cell eNOS protein expression reported in young and older humans. eNOS did not differ significantly with age in endothelial cells obtained from either brachial artery or antecubital vein sampling, although there was a strong trend for greater eNOS in arterial cells from older men. Moreover, we found no relation between eNOS protein in endothelial cells and brachial artery FMD. Together, these observations indicate that the age-associated impairment of EDD in humans is not associated with reductions in eNOS protein expression.
Recent findings in rats indicate that PeNOS and the PeNOS-to-total eNOS ratio are lower in aortas of older compared with young animals (33) . In contrast, in the present study, PeNOS expression was markedly greater in endothelial cells from older men, suggesting activation of the enzyme. The greater endothelial cell PeNOS in the older men could reflect an unsuccessful attempt to stimulate NO production in the face of increased superoxide scavenging and reduced bioavailability of NO (35, 40) . If eNOS is uncoupled, however, as appears to be the case with aging (23), the greater activation of eNOS could actually contribute to further development of oxidative stress in the older men by producing greater amounts of superoxide anion (45, 48) . That the older men demonstrated higher plasma concentrations of oxidized LDL, a marker of systemic oxidative stress (Table 1) intensity, n ϭ 13 older, n ϭ 11 young, P Ͻ 0.05), as reported previously (13) , is consistent with this possibility. This concept also is in agreement with previous findings that NO production is substantially lower in aortic endothelial cells from older compared with young rats, despite marked increases in eNOS protein and activity (40). We did not, however, find consistent relations between eNOS or PeNOS and nitrotyrosine in endothelial cells obtained from arterial and venous sampling in the present study.
Limitations
We recognize at least three additional limitations of our study discussed previously (13, 32) . First, because of the limited number of endothelial cells available from our sampling procedure, we were not able to measure mRNA gene expression. Second, because we studied only healthy men, our results may not reflect differences with aging in healthy females or adults with clinical disease or CVD risk factors. Third, we focused our analysis on the key vasoconstrictor and vasodilatory proteins of the vascular endothelium, ET-1 and isoforms of eNOS, because of recent studies in humans indicating a role for ET-1 in age-associated vasoconstriction (37, 38, 41) and previous work in rodents examining eNOS in endothelial dysfunction with aging (40). However, we acknowledge that the expression of other vasoactive proteins may differ in young and older adults and contribute to impaired endothelium-dependent dilation.
Summary and Conclusions
The results of the present study provide new insight into the molecular events involved in age-related vascular endothelial dysfunction. We show that ET-1 protein expression is increased in vascular endothelial cells of healthy sedentary older men and is related to a reduction in endothelium-dependent dilation. Consistent with this, inhibition of ET-1 signaling selectively improves endothelium-dependent dilation in old mice and restores vasodilatory responsiveness to acetylcholine to levels observed in young mice. Our data also indicate that neither eNOS protein nor its activation is reduced in vascular endothelial cells of older men, and that eNOS activation actually is increased with age. Together, these findings provide novel translational evidence that ET-1 expression and bioactivity, but not eNOS, contribute to vascular endothelial dysfunction with aging.
ACKNOWLEDGMENTS
We thank Rhea Chiang, Cassandra Roeca, and Brooke Lawson for technical assistance. 
